Bartonella henselae is an emerging bacterial pathogen, causing cat scratch disease and bacillary angiomatosis. Cats bacteremic with B. henselae constitute a large reservoir from which humans become infected. Prevention of human infection depends on elucidation of the natural history and means of feline infection. We studied 47 cattery cats in a private home for 12 months to determine the longitudinal prevalence of B. henselae bacteremia, the prevalence of B. henselae in the fleas infesting these cats, and whether B. henselae is transmitted experimentally to cats via fleas. Vector-mediated transmission of B. henselae isolates was evaluated by removing fleas from the naturally bacteremic, flea-infested cattery cats and transferring these fleas to specific-pathogenfree (SPF) kittens housed in a controlled, arthropod-free University Animal Facility. B. henselae bacteremia was detected in 89% of the 47 naturally infected cattery cats. A total of 132 fleas were removed from cats whose blood was simultaneously cultured during different seasons and were tested individually for the presence of B. henselae DNA by PCR. B. henselae DNA was detected in 34% of 132 fleas, with seasonal variation, but without an association between the presence or the level of bacteremia in the corresponding cat. Cat fleas removed from bacteremic cattery cats transmitted B. henselae to five SPF kittens in two separate experiments; however, control SPF kittens housed with highly bacteremic kittens in the absence of fleas did not become infected. These data demonstrate that the cat flea readily transmits B. henselae to cats. Control of feline infestation with this arthropod vector may provide an important strategy for the prevention of infection of both humans and cats.
Bartonella henselae first was associated with infections in immunocompromised humans, including bacillary angiomatosis and other clinical syndromes (16, 20, 23, 25, 27) . In immunocompetent people, B. henselae recently was demonstrated to cause cat scratch disease (CSD), a persistent, necrotizing inflammation of the lymph nodes (8, 22) . CSD is probably the most common Bartonella infection in the United States, estimated to occur in 22,000 people and to result in health care expenditures of at least $12 million annually (13) . Cats, especially young kittens, were suspected to play a major role in the transmission of the CSD agent to humans (3, 19) , and this was documented statistically in two recent epidemiological studies in which cat scratches and bites were shown to be significantly associated with the development of bacillary angiomatosis or CSD in humans (26, 29) .
Isolation of B. henselae from the blood of naturally infected cats and the demonstration that cats remain highly bacteremic (Ͼ10 3 CFU/ml of blood) for several months implicated cats as a major reservoir for this bacterium (15, 17, 21) . The number of cats infected in California is substantial: B. henselae strains were isolated from the blood of 25 of 61 (41%) apparently healthy impounded or pet cats (15) , and antibodies were demonstrated in 81% of 205 cats (6) . Additional studies in other regions of the United States also have demonstrated that feline B. henselae infection is very common (2, 4, 5, 14) , but the means by which such a large number of cats become infected with B. henselae has not been elucidated.
The transmission of B. henselae from cats to humans usually occurs via scratches, but the route of transmission from cat to cat is unknown. Although the cat flea (Ctenocephalides felis)
has not yet been shown experimentally to be a competent vector of B. henselae from cat to cat or cat to human, data from recent studies implicate C. felis in the transmission of this organism. First, B. henselae was isolated from surface-sterilized fleas infesting bacteremic cats (10, 15) , and second, seroprevalence studies of geographically diverse cat populations revealed a higher prevalence of B. henselae antibodies in warm, humid climates (14) , where fleas are more common (11, 14) .
We evaluated the ability of the cat flea to transmit B. henselae organisms by removing fleas from bacteremic cats in a B. henselae-infected cattery and transferring them to five specific-pathogen-free (SPF) kittens in a controlled, flea-free environment (two kittens in the initial experiment and three kittens 10 months later). We also evaluated 47 cats in the cattery over a 12-month period to determine the prevalence of B. henselae isolates in the fleas infesting these cats and the relationship between the cat bacteremia and the prevalence of B. henselae-infected fleas. We evaluated separately whether B. henselae is transmitted by direct contact between bacteremic kittens and uninfected SPF kittens by housing the infected and uninfected kittens together for 21 weeks in a flea-free environment.
MATERIALS AND METHODS
Microbiological and molecular biological evaluation of feline B. henselae isolates. For blood culture, 1.5 ml of blood was drawn aseptically into pediatric lysis-centrifugation tubes (Wampole, Cranbury, N.J.) (15) . The tubes were cen-trifuged, and the pellet was spread onto heart infusion agar containing 5% fresh rabbit blood. The plates were incubated at 36ЊC in 5% CO 2 for 3 weeks. Identification of isolates as B. henselae was confirmed by PCR-restriction fragment length polymorphism analysis with two different restriction endonucleases, TaqI and HhaI, to digest the single product amplified with the primers described previously (20) . Negative and positive PCR controls were included (15) . Digestion of the B. henselae amplicon with TaqI produces three bands, and digestion with HhaI results in two bands, as described previously (20) .
Experimental transmission of B. henselae to SPF cats via fleas removed from bacteremic cattery cats. The 47 cattery cats were primarily stray cats that were kept indoors in a private home after being adopted. Each cat was clinically examined, and 2.5 ml of blood was drawn for culture and serology. Serological testing by indirect immunofluorescence-antibody (IFA) testing was performed as described previously (6) . The blood collections were performed five times over 12 months, in April 1994, June 1994, September 1994, March 1995, and April 1995. The microbiological and serological data from the three 1994 blood collections were reported along with data for a larger group of 205 cats from a study of the relationship between feline B. henselae bacteremia and the presence of antibodies (6) . Fleas were collected from cattery cats at each of the visits described above with the exception of the first visit and were used either for experimental flea-borne transmission experiments or for PCR detection of B. henselae DNA.
Prior to experimental infestation or inoculation, all SPF kittens were tested twice by blood culture and IFA testing to ascertain that they had not been exposed to B. henselae. The SPF kittens were isolated in a confined, arthropodfree university facility and were cared for according to the Animal Welfare and Protection rules under an animal use and care protocol approved by the University of California, Davis. Two 5-month-old SPF kittens were infested with fleas collected from several cattery cats known to be highly bacteremic (Ͼ10 3 CFU/ml of blood) when they were tested 1 week earlier. Two pools, one of five fleas and the other of seven fleas, were collected from these cats and were deposited on the bodies of each of the two SPF kittens. SPF kittens experimentally infested with fleas were examined once a week, and blood was collected for culture, serology, and complete blood count (CBC).
After these two SPF kittens became infected with flea-borne B. henselae, the flea transmission experiment was repeated 10 months later with three new B. henselae-negative, 3-to 5-month-old SPF kittens that also were isolated in a controlled flea-free area. Because we had found early in the study that we could not predict either which cattery cats were bacteremic or which fleas contained B. henselae at a given time, flea collection for the second experimental infestation was randomized, with each successive flea collected from a specific cat deposited in rotating order into one of the four vials containing pools of fleas in the same sequence during collection. Four pools of 14 to 15 fleas each were collected from seven cattery cats known to be highly bacteremic (Ͼ10 3 CFU/ml of blood) at the time their blood had been cultured, 1 month earlier. Three of the flea pools were deposited on each of the three SPF kittens, and the fourth pool of 14 fleas was frozen at Ϫ70ЊC immediately for subsequent PCR detection of B. henselae DNA. The kittens were examined clinically, and blood was collected every week for culture, serology, and CBC.
Evaluation for direct, arthropod-independent transmission of B. henselae from kitten to kitten. To identify the direct transmission of B. henselae among cats during activities such as playing, scratching, biting, and communal eating in an arthropod-free environment, two 4-month-old B. henselae-negative SPF kittens were housed for 21 weeks with five highly bacteremic kittens experimentally inoculated by the intradermal route with B. henselae. The stock strain of B. henselae used for experimental inoculation was isolated from a naturally infected, bacteremic cat and was maintained at Ϫ70ЊC. Identification of the organism as B. henselae was confirmed by citrate synthase PCR-restriction fragment length polymorphism analysis (20) . Prior to inoculation, this strain was cultivated on heart infusion agar containing 5% rabbit blood. The colonies were scraped from the agar plate and were resuspended in sterile saline. Each kitten was inoculated with a total of 0.5 ml of a suspension containing 10 7 CFU/ml. Detection of B. henselae DNA in fleas from bacteremic cattery cats. We sought to determine the proportion of fleas infesting the cattery cats that contained B. henselae, the relationship between the presence of bacteremia in the infested cat and the presence of B. henselae in the corresponding infesting flea(s), and whether the degree of feline bacteremia increased the probability that B. henselae was present in the infesting fleas. Because individual culture of a large number of fleas was not possible, fleas collected from bacteremic cattery cats were evaluated individually by PCR to identify the presence of B. henselae DNA (15) . Amplification of DNA from individual fleas was performed by using 16S rRNA gene primers p24E and p12B, which are specific for Bartonella species (23) . Each flea was individually washed twice in sterile water, triturated, and incubated in 10 l of digestion buffer for 48 to 72 h (15) . The digests were centrifuged and heat treated at 95ЊC for 8 min. One microliter of a 1:10 dilution of each of the digests was used as a template for DNA amplification. Control tubes containing digestion mixture, but no triturated flea, were processed simultaneously with each group of triturated fleas. This digestion control was amplified in addition to negative and positive PCR controls containing the PCR mixture without DNA template and type strain B. henselae DNA, respectively.
We also used the PCR to estimate the proportion of fleas containing B. henselae DNA in each pool used for the experimental SPF cat infestations. On the day of the first flea infestation, insufficient fleas were available for both the experimental infestation and PCR testing; therefore, all of the collected fleas were used for infestation. However, a total of 15 fleas was collected, pooled, and frozen for B. henselae PCR testing 7 days before (three fleas), 1 day after (seven fleas) and 7 days after (five fleas) the first experimental flea infestation. For the second flea infestation, individual fleas (14 fleas) from the fourth pool were subjected to PCR evaluation.
Over the 1-year period, an additional 132 fleas were collected from individually identified cattery cats (each cat's blood was cultured at the same visit), placed in separate sterile tubes, digested separately, and individually tested by PCR for B. henselae DNA to permit us to make a direct association between the presence of B. henselae in individual fleas and the simultaneously obtained blood culture and serology results for the same cat.
Statistical analysis. Descriptive data for the cattery cats were analyzed by using Epi-Info, version 6.0 (7). Frequency distributions were obtained, and chisquare tests of homogeneity for 2-by-2 contingency tables were used to examine the statistical significance of any associations. Fisher's exact test was used to examine the association between the presence and level of B. henselae bacteremia and antibody titers in cats and the presence of PCR-positive fleas. S-PLUS statistical software (S-PLUS for Windows, version 3.2, 1994; StaSci, a division of MathSoft, Inc., Seattle, Wash.) was used to evaluate the relationship between levels of bacteremia or antibody titers and the number of fleas that were PCR positive for B. henselae DNA.
RESULTS AND CASE REPORT
Experimental transmission of B. henselae to SPF cats via fleas removed from bacteremic cattery cats. Eighty-five percent (40 of 47) of the cattery cats were Ն1 year old, and their ages ranged from 3 months to 18 years (mean, 4.4 years; standard error, 0.56 years). Overall, 89% (42 of 47) of the cats were bacteremic at the time of at least one of the different blood collections (range, 67 to 100%) ( Table 1) . PCR-restriction fragment length polymorphism analysis of all isolates produced bands characteristic of B. henselae (digestion of the amplicon with TaqI produced three bands, whereas digestion with HhaI resulted in two bands) (20) . The proportion of cats with highgrade bacteremia (Ͼ10 3 CFU/ml of blood) during the 12 months ranged from 25 to 56%. Blood was collected from 17 cats at least three times over the 1-year period; 9 of the 17 (53%) cats were bacteremic with B. henselae at all blood collections, and 2 of the 17 cats were never bacteremic. All 47 cattery cats were serologically positive, with titers ranging from 1:64 to 1:2,048 (mode and median, 1:256).
Bacteremia was first detected in four of the SPF kittens at 2 weeks and in the fifth kitten at 6 weeks after the experimental flea infestation. The level of bacteremia rose rapidly to very high levels (10 4 to 10 6 CFU/ml) for all kittens. Antibodies were detected by IFA testing 4 to 5 weeks after experimental infestation. In the first experiment, both kittens became culture negative after 11 to 12 weeks of bacteremia, but one of these kittens had three relapses of bacteremia during the 1-year observation period, despite the persistence of B. henselae antibodies (data not shown). The infection and seroconversion of the three kittens in the second experiment are represented in Fig. 1 ; the bacteremia and elevated antibody titers persisted during the entire observation period for these kittens. No kitten showed clinical or CBC abnormalities.
Evaluation for direct, arthropod-independent transmission of B. henselae from kitten to kitten. All five SPF kittens experimentally infected by the intradermal route became bacteremic 2 weeks after inoculation and developed bacteremia for a minimum of 15 weeks (Ͼ10 4 CFU/ml of blood; data not shown). None presented clinical signs of infection or abnormal CBC values. Despite fight and play among the five infected kittens and two uninfected kittens for 21 weeks, neither of the two control kittens became infected or seroconverted.
Detection of B. henselae DNA in fleas from bacteremic cattery cats. All cattery cats were heavily infested with fleas (five or more detectable fleas per cat), identified as the cat flea, C.
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felis (11) . Twelve (80%) of the 15 fleas collected from a group of cattery cats at about the time of the first experimental flea infestation had detectable B. henselae DNA (Table 1 Clinical case report. A 25-year-old male veterinary student was scratched by a cattery cat during the first blood drawing. He subsequently developed CSD, including a small inoculation vesicle, fever, and lymphadenopathy (epitrochlear and axillary). Blood was drawn for B. henselae culture and serology while he was symptomatic, 7 weeks after the scratch. A banked serum sample collected 2 weeks before the scratch and a sample collected 10 weeks after the scratch also were tested. He denied receiving any other cat scratches or flea bites. B. henselae was not recovered from the blood culture, but seroconversion (titer, 1:128) was demonstrated.
DISCUSSION
B. henselae represents an emerging human pathogen causing a diverse spectrum of infections including prolonged, relapsing, and even fatal manifestations. A large reservoir for B. henselae exists among the 57 million pet cats residing in approximately one-third of the homes in the United States (28) . The factors contributing to the creation and maintenance of this large reservoir are unknown, yet their identification is essential for developing strategies to prevent human and feline infection. In two separate experiments, we established that the cat flea is a competent vector in the transmission of B. henselae to cats. The infected kittens had no detectable clinical disease, and B. henselae antibodies detected by the IFA test did not appear to protect against a relapse of bacteremia. In contrast to flea-borne transmission, direct cat-to-cat transmission among kittens could not be demonstrated in the absence of fleas.
The flea-infested, naturally B. henselae-infected cattery cats, living indoors in a private home, provided an excellent population for studying the relationship between feline bacteremia and the presence of B. henselae organisms in fleas over time and for providing fleas naturally infected with B. henselae for experimental infestations. Of the 47 cats, 89% were bacteremic with B. henselae at one or more of five samplings over a 1-year period, with 67 to 100% being bacteremic at any single sampling time. The cattery cats were heavily infested with fleas, and one-third of the 132 fleas tested individually contained B. henselae DNA, although there was no direct association between the presence or level of bacteremia in the cats and the presence of B. henselae-positive fleas carried by these cats. Millions of B. henselae bacilli can be present in 1 ml of feline blood, and the female cat flea consumes an average of 13.6 l of blood per day (9) . Thus, the potential for ingestion of thousands of B. henselae bacilli is substantial. Whether propagative (12) . The vertebrate host becomes infected with these organisms via fleas through different routes. Infection with D. caninum occurs after ingestion of fleas by children or cats (11) . For plague, the flea proventriculus becomes blocked after multiplication of Y. pestis, with subsequent regurgitation of the organism into the host when the starving flea repeatedly attempts to feed (11) . R. typhi is transmitted through flea feces when the host subsequently scratches the flea bite, as is Bartonella quintana via louse feces, causing trench fever (11) . Transmission of a new member of the Bartonella genus, formerly Grahamella (1), by the rodent flea, Xenopsylla cheopis, to bank voles was demonstrated in Germany in 1962 (18) . Grahamellae were transmitted to this small-mammal host via the feces of the infected flea vector but not via the flea salivary gland. A large amount of potentially infected flea feces ("flea dirt") is present in the fur of flea-infested cats; thus, direct inoculation during scratching is a plausible route of infection for cats, and possibly humans as well, when claws become contaminated with infected flea feces.
Although the flea-borne transmission of B. henselae to cats appears to be very efficient, epidemiological data do not support efficient transmission from cat to human via the cat flea. Most case series of CSD patients report that CSD symptoms developed after the individual received a scratch, and in 93% of cases in one large series, the inflamed cat scratch was still visible at the time of the initial diagnosis of CSD (3). The transmission of B. henselae from cat to human via a scratch is nevertheless a rare event, considering the number of pet cats and the frequency of cat scratches and bites inflicted by these pets. The inadvertent inoculation of one researcher via a cat scratch underscores the ability of the same group of bacteremic cattery cats to serve both as a direct vector of B. henselae from cat to human and as a reservoir of B. henselae from which cat-to-cat transmission occurred via a flea vector. Kittens may be infected by flea-borne B. henselae, develop high-level bacteremia, and contaminate their claws with infected blood by scratching flea bites or licking their paws. The cat flea potentially plays a substantial, indirect role in human disease by amplifying the size of the feline reservoir. The potential for flea-borne cat-to-human transmission also exists and requires further investigation.
Similar to Koch's postulates, medical entomologists require fulfillment of specific criteria to establish a relationship between an arthropod and transmission of a specific pathogen (11): (i) association of the arthropod with the host under natural conditions, (ii) specific connection between the arthropod species and infection in the host, (iii) consistency in demonstrating that the arthropod harbors the organism in the infective stage, (iv) transmission of the infectious agent under controlled experimental conditions, and (v) existence of a biological gradient, in which the presence of the vector in low or high numbers correlates with a low or a high prevalence of cases in the susceptible host, respectively. Our data, combined with those of Jameson et al. (14) , fulfill the entomological criteria for establishing the flea as a vector for B. henselae. However, many questions remain, including how best to prevent feline and human infections. Several measures can be suggested from these data. Control of flea infestation will reduce the number of arthropods capable of transmitting B. henselae from cat to cat, and that in turn will reduce the feline reservoir from which humans are inoculated via a cat scratch. Flea abatement strategies, including the use of products that prevent fleas from biting cats, may significantly reduce flea infestation. Development of a feline vaccine may decrease the extensive reservoir by preventing flea-borne infections of cats.
